Abstract. The link of aneuploidy and heteroploidy in human solid tumours with early genetic events is poorly understood. The study of human preneoplastic precursor lesions, i.e., colorectal adenomas, chronic ulcerative colitis lesions, and Barrett's esophagus, as considered in this review, appears particularly useful to achieve this aim. Literature data examined here on aneuploidy were obtained by image and flow cytometry, classical cytogenetics, and in situ hybridization based cytogenetics. It appears that aneuploidy is linked with specific gene mutations, i.e., of the tumour suppressor gene p53 in chronic ulcerative colitis and in Barrett's esophagus, and of the protooncogene K-ras in colorectal adenomas. These data and data from experiments using in vitro and mouse models, suggest that chromosome instability, tetraploidization, and asymmetrical chromosome segregation during cell division are the result of deregulated cell cycle genes with multiple functions that normally exert active checks on the cell cycle processes including apoptosis and chromosome stability.
Introduction
Aneuploidy, in the form of aberrant mitotic figures and abnormal morphology of interphase nuclei characterized by large size and hyperchromasia, has been an historic hallmark of cancer that goes back to the first two decades of this century [22, 23] . However, it is still difficult to say what the significance of aneuploidy is. If aneuploidy is simply a side effect, then it should be seen as a reflection of an abnormal microenvironment and of a random series of epiphenomena. If, on the contrary, it is causally involved in tumourigenesis, it should be seen as a specific physiologic defect. Along with this last conceptual hypothesis it was proposed that ploidy and chromosome integrity are regulated by "active checks and balances" [142] .
Tumorigenesis is a multistep process linked to hereditary and acquired genetic alterations. DNA alterations include activating mutations in oncogenes [24, 209] and inactivating mutations in tumours suppressor [98, 190] , DNA repair [97, 201] , and in metastasis suppressor genes [15, 18, 191] . The hypothesis that a direct link exists between deregulation of some of these genes and generation of aneuploidy is not proven, although it was formulated long ago in the general form that a preneoplastic genetic event predisposes to more generalized chromosomal disruption [29, 207] . On the other hand, a consistent involvement of only 71 of the 329 chromosomal bands of the human genome in primary neoplasia associated rearrengements [123] and fragility and instability of the chromosomes at specific sites [207] , suggest general mechanisms of activation or inactivation of tumour associated genes by chromosomal changes. A model elaborated about 20 years ago on these concepts suggest that acquired genetic lability permits stepwise selection of variant sublines and underlies progression of tumours [134] . Although it was historically demonstrated that chromosomal translocations involving c-myc and c-abl were causative in Burkitt's lymphoma [98] and chronic myeloid leukaemia [38] , it is hard to link chromosome changes and cancer genes in a cause-effect relationship. These concepts still are valid today but the exact mechanisms remain obscure.
Aneuploidy, detected by classical cytogenetics and, more recently, by image and flow cytometry, chromosome painting, and interphase cytogenetics, appears to be a characteristic of the vast majority of human tumours. Intratumour aneuploid cell subpopulations appear to be unstable, and to potentially regress or evolve and generate other subclones (heteroploidy). These subclones may have a different resistance to chemical and radiation therapies.
Development of aneuploidy and heteroploidy and their link with genetic events are better approached by investigating preneoplastic lesions. In the present review, human colorectal adenomas, chronic ulcerative colitis and Barrett's esophagus have been considered. These lesions may all progress to frank carcinomas, and, in particular, have been intensively investigated by molecular biology techniques that have provided partial knowledge about primary genetic events. This review suggests that specific genetic changes direct the process of aneuploidization. However, this is not yet proven and, in particular, it does not represent the commonly accepted view since many scientists believe that aneuploidy is an epiphenomenon of random origin.
DNA instability
DNA stability refers to multiple metabolic pathways that govern the maintenance of the primary DNA sequence, its correct duplication and postreplication proofreading as well as prevention and repair of DNA damage [32] . Mutational or exogenous interference with these multiple pathways determine DNA instability resulting in several effects such as new microsatellites alleles, gene amplification, single base substitutions, insertions, DNA deletions and recombinations. Mutations are also at the base of genetic evolution, and therefore, abnormal DNA instability must be considered to occur only above a normal threshold. For example, the 3 × 10 9 DNA bases of the human genome replicate with errors at a threshold frequency of about one in 10 9 bases [32] .
There is an important example of an inherited form of DNA instability in human hereditary nonpolyposis colorectal cancer, not found in the patient's normal cells. Ubiquitous new microsatellite alleles originate from simple DNA repeated sequences due to inherited defective mismatch repair genes (h MSH2, h MLH1 and h PMS2) whose normal functions are the control of DNA replication and repair, as recently reviewed [97] . Tumour cells with defective mismatch repair genes have been shown to have a mutation rate of two to three orders of magnitude higher than in normal cells [16, 45, 186] . DNA microsatellite instability also occurs in the sporadic forms of colorectal tumours at about 10-15% level. Recently, APC mutations were studied in sporadic colorectal tumours with and without microsatellite instability. Surprisingly, a similar prevalence of the APC mutations was found [93] , and equally unexpected was the finding that human colorectal tumours with microsatellite instability are also characterized by stable diploidy or only low incidence of near-diploid aneuploidy [101] . The vast majority of sporadic colorectal cancers, that have no apparent microsatellite instability (about 85%) are, instead, characterized by gross DNA aneuploidy changes. These experimental data contrast with the hypothesis that aneuploidy is simply a random side effect reflecting an abnormal microenviroment or increased cell division. In fact, if this hypothesis is correct, we should expect that both hereditary and sporadic colorectal cancer (with and without DNA instability) have similar incidences of aneuploidy.
Chromosome instability
A common belief is that specific genetic mutations (of hypothetical "instability genes") induce DNA instability that then progresses into chromosome instability. Since these unproven hypotheses have generated some confusion, it may be better to define DNA instability and chromosome instability separately. They, in fact, seem to represent separate phenomena that may not be linked to the same genes. A further strong argument is that specific molecular mechanisms appear to control the maintenance of chromosome ploidy including chromosome packaging, correct interaction and movement on the mitotic spindle, centrosome duplication and movement, coordination with the cell cycle, interaction of DNA with topoisomerases, histone and nonhistone proteins, microtubules, centrioles, centromeres and telomeres [32, 78, 128, 142] . In particular, chromosomes have been seen as active elements that play a role in their own movement during division [142] although this is not yet fully established [32, 220] .
Chromosome instability, in a large sense, could be defined to refer to all types of mechanisms leading to karyotipic alterations such as loss or gain of chromosomes as well as translocations, inversions, deletions, and include the mechanisms governing mitotic recombinations, chromosome replication and segregation during cell division [9, 32, [76] [77] [78] 90, 99, 117, 142] . The are essentially four examples of inherited chromosome instability in humans and are known as Bloom's syndrome, ataxia telangiectasia, Fanconi's anemia, and Werner syndrome [31, 33, 173, 174, 178, 195] . These syndromes are characterized by a higher predisposition to cancer and, therefore, suggest an independent and causative role of aneuploidy in tumourigenesis.
Detection of aneuploidy
Aneuploidy has been classically approached by karyotyping that addresses both numerical and structural chromosome aberrations. However, the application of this methodology to human preneoplastic solid tumours showed that there were technicall difficulties in obtaining suitable cultures in vitro. In addition, this technique has the potential danger to introduce selection of fast growing subpopulations. Recently, fluorescence in situ hybridization (FISH) based cytogenetics in metaphase and in interphase nuclei has represented a clear advance for the detection of slight DNA ploidy differences including structural chromosome changes [65, 66, 91, 155, 159] . This type of approach, however, still requires tedious human visual analysis with use of fluorescence microscopy. Complementary methodologies are image and flow cytometry of cells or nuclei. While image analysis may preserve the tissue organization, flow cytometry requires the use of cell or nuclei suspensions. These techniques provide quantitative measurements of overall nuclear DNA content and, in particular, of the degree of DNA aneuploidy, relative to DNA diploid reference control cells (DNA Index, DI), but clearly not of specific numerical and structural chromosome aberrations [11] . Evaluation of the cell cycle phases and of the presence of multiple DNA abnormal cell heterogeneity is also feasible. In addition, flow cytometry offers the potential to sorting homogeneous cell subpopulations to submit to other analyses. Single parameter flow cytometry at high resolution of nuclei using fresh-frozen tissues with Dapi or Propidium Iodide staining provides, at best, detection of total DNA changes of about ± 2-4% [11, 64, 141, 203, 204] . Multiparameter flow cytometry of nuclei suspensions may improve this resolution in some cases [58, 138, 145, 219] .
DNA tetraploidy
"DNA tetraploidy" (DI = 2) by DNA content flow cytometry is poorly defined since the measurements of the G2 and M phase cells are not separated and often doublets of G1 cells or nuclei are present. Flow cytometric "DNA tetraploid" cases may therefore indicate, in some cases, a simple increase of the number of mitotic abnormal cells and/or their increased residence time during M. Flow cytometric "DNA tetraploid" proliferating subclones, characterized by S-phase and G2+M fractions, are certainly rare in several tumour types especially, in early colorectal adenomas where they were detected at about the 2% level [56] . Cytogenetic evidence is clearly necessary for accurate definition of tetraploidy.
Near-diploid aneuploidy
Flow cytometric detection of DNA near-diploid aneuploidy with DNA content changes at the 3-4% level is critical. In particular, some experimental conditions, like paraffin embedded material and large CVs, are not appropriate [3, 154] . Near-diploid aneuploid artefacts due to different degrees of chromatin condensation and cell autolysis have been reported [219] . Chromatin conformation artefacts may occur for DNA intercalating stains [113] . Due to its non-intercalating mechanism of interaction with DNA and high quantum yield, DAPI staining appears to be a good choice [64, 141] . Use of individual-specific and tissue-specific histologically proven normal mucosa is recommended. Multiparameter flow cytometry of nuclei suspensions using scattering signals permits the detection of cell autolysis and may help to select small DNA near-diploid aneuploid subclones [58, 138, 145, 219] . DNA hypodiploidy may be particularly difficult to detect by flow cytometry due to the presence of background noise to the left of the DNA diploid peak [156] . Static computer-assisted cytometry on tumour cytological prints stained by the pararosaline Feulgen-Schiff technique may be suitable for detection of DNA hypodiploidy. In a recent study on lung cancer, DNA hypodiploidy incidence was detected at a 20% level among the aneuploid tumours and contributed significantly to survival in a Cox multivariate analysis [150] .
DNA loss/gain changes lower than 3-4% should be evaluated by techniques more sensitive than DNA flow and image cytometry. When classical cytogenetics and methaphase or interphase FISH cytogenetics were applied to cells from human colorectal adenomas, high incidences of near-diploid aneuploidy was shown [7, 20, 68, 83, 84, 111, 162] . The specific gain of chromosome 7 in human colorectal early adenomas, detected by classical and FISH cytogenetics, is an interesting example to consider [83, 84, 111] . Another example is the case of near-diploid lymphomas having retrovirally rearranged c-myc genes and duplicated the chromosome 15 carrying the rearranged c-myc [214] . Similarly, neardiploid aneuploidy was detected by classical and FISH cytogenetics of early bladder cancer showing that near-diploid aneuploidy was likely to be underestimated by flow cytometry performed under critical conditions [143, 175, 183, 184, 189, 211] . Classical cytogenetics also showed frequent clonal numerical chromosomal changes into the near-diploid region with and without structural rearrangements for non-malignant human solid tumours of various histological types [196] .
Trisomies and DNA near-triploid aneuploidy
Trisomies of the chromosomes 8, 9, 12 and 21 by classical cytogenetics have been frequently reported [81, 82, 123, 124] . In particular, trisomy of chromosome 7 represents an early event in colorectal carcinogenesis [83] . The biologic and pathogenic significance of such abnormalities still remains an enigma [69] . Current opinion is that these trisomies originate from a disease-related mitotic nondisjunction of chromosomes carrying normal or specific mutated genes [124] . This process is believed to invoke a gene dosage effect that initiates tumourogenesis. Trisomies of all 23 chromosomes have been observed as the sole karyotype abnormality both in hematologic malignancies and solid tumours [81, 82, 124] . When a similar situation occurs, it is expected that a flow cytometric measurement of DNA content would provide a DNA index in the near-triploid region (DI = 1.5 ± 0.1). DNA near-triploidy evaluated by flow cytometry was observed at approximately 20% frequency among aneuploid colorectal adenocarcinomas [56, 57] . The hypothesis that DNA near-triploid colorectal adenocarcinomas may reflect a different natural history is supported by recent data indicating that DNA near-triploid subclones are rarely K-ras mutated [57] .
Barrett's esophagus and aneuploidy
Barrett's esophagus, characterized by squamous epithelial lining of the esophagus replaced by columnar epithelium, appears as a predisposing condition of most esophageal and gastroesophageal adenocarcinomas [188] . The risk of developing an adenocarcinoma in Barrett's esophagus was reported to be between 30-125 times that expected for a similar population without Barrett's esophagus [213] . Barrett's esophagus was suggested to be associated with the generation of multiple DNA aneuploid subpopulations, severe dysplastic changes in the abnormal mucosal lining of the esophagus and a series of genetic alterations [158, [163] [164] [165] . The correlation between dysplastic changes and DNA aneuploidy has been demonstrated by flow cytometric techniques [85, 158, [163] [164] [165] 181] . DNA aneuploidy was reported to be present in mucosa that is histologically negative for dysplasia as high as at 30% level and to represent a very early marker of tumourogenesis [85] . DNA aneuploidy incidence in Barrett's esophagus was reported with large variations in different studies. This is probably due to the critical sampling from the vast area of the lesion and to the different number of samples taken. The fraction of cells in the G2+M cell cycle phase was reported to be significantly higher than those of controls and near-diploid aneuploidy was also detected at high frequency [116, 181] . The incidence of DNA aneuploidy in different studies may also depend on the critical definition of DNA tetraploidy and the difficulty in selecting near-diploid aneuploidy using flow cytometry (see above paragraphs). A few studies demonstrated clonal chromosome abnormalities in Barrett's epithelium and adenocarcinoma [55, 160, 161, 169] . The karyotypes were often complex, but loss of the Y chromosome was a frequent finding [121] .
Aneuploidy in ulcerative colitis
Chronic ulcerative colitis is a well established predisposing condition for the development of colorectal carcinomas [69, 94] . The clinical development of carcinomas in ulcerative colitis and sporadic adenocarcinomas of the large bowel is quite different since in the latter case the precursor discrete sites of origin are adenomas without inflammation. Dysplasia in ulcerative colitis, instead, is preceded by a long history of chronic inflammation and often affects large regions of the colon. Histological progression in ulcerative colitis is characterized by a multistep process that includes aneuploidy and development of dysplasia [3, 26, 74, 107, 109, 110, 120, 157, 206] . Contrary to adenomas, where aneuploidy originates in dysplastic regions [157] , DNA aneuploidy in precancerous chronic ulcerative colitis was also detected in regions of the mucosa that are indefinite for dysplasia [28] .
Aneuploidy in colorectal adenomas
Dysplastic adenomas are seen as the focal precursors of most human adenocarcinomas of the large bowel [35, 36, 48, 96, 97, 125, 126, 167] . Histologically, adenomas with mild, moderate and severe dysplasia are intermediate steps, and carcinomas infiltrating the intestinal wall through the muscularis mucosa are the endpoint of the sequence. Size increase in adenomas parallels grade of dysplasia [135] , although small adenomas have been reported to regress completely [88] . The rate of malignant transformation of adenomas is about 0.25% per year [182] in association with number of polyps, histotype, size, grade of dysplasia and presence of atypical mitoses [125, 126, 129, 171, 182] .
Kariotipic and flow cytometric DNA content aberrations in early preneoplastic colorectal adenomatous lesions are well documented [6, 14, 20, 39, 43, 49, 56, 59, 60, 63, 68, 75, 87, 111, 115, 123, 124, 127, 154, 162, 166, 168, 180, 192, 202, 210] . Classical kariotype was not extensively investigated due to technical difficulties while FISH cytogenetics is becoming more frequent [91] . DNA flow cytometry on both fresh-frozen and paraffin embedded material was also performed on a large number of colorectal adenocarcinomas. For advanced tumours the reader is referred to a recent consensus review [11] . DNA aneuploidy incidences among colorectal adenomas (without and with early foci of cancer) range widely from approximately 10% to up to 70% [6, 14, 20, 39, 43, 49, 56, 59, 60, 63, 68, 72, 74, 111, 115, 124, 127, 154, 162, 168, 180, 192, 202, 210] . DNA near-diploid aneuploidy is a characteristic early event of the colorectal adenoma-carcinoma sequence [56, [58] [59] [60] 202 ].
p53 mutations and aneuploidy
Mutations of the p53 tumour suppressor gene represent clues to human multistep carcinogenesis and cancer etiology [67] . Cultured fibroblasts from p53-deficient mouse embryos have shown the formation of tetraploid and octaploid cells, suggesting that murine p53 is a component of a spindle G2 checkpoint that ensures the maintenance of diploidy [37, 52] . Similarly, in elastase-SV40 T antigen transgenic mice in which p53 is inactivated, tetraploid subclones seem to occurr followed by aneuploid subclones [139] . In this same model system, it was also shown that pancreatic cells were characterized by 4 and higher number of centrioles [106] . The role of p53 mutations in the induction of polyploidy and giant cells was also shown in p53 non-producer murine myelomonocytic leukemic cells reconstituted to express wild type or mutant p53 protein [144] . In particular, it was shown that nocodazol treated cells, fractionated by centrifugal elutriation for >4 N DNA content, exibited an accellerated apoptosis as a result of wild type p53 expression while mutant p53 did not significantly alter the elimination of the giant cell population [144] .
Mutations of the p53 tumour-suppressor gene have been established as an early event in the molecular mechanisms leading to esophageal squamous mucosa, known as Barrett's esophagus [13, 19] and of colonic mucosa in patients with ulcerative colitis [217] . Allelic losses in 17p in diploid cells from the vast majority of patients with Barrett's esophagus who developped aneuploid cell populations were detected [19] . Surrounding Barrett's mucosa showed p53 mutations identical to that observed in the carcinomas [73] . The association of p53 inactivation and aneuploidy was reinforced by other studies [54, 105, 152] . Mutation of the p53 gene are, instead, infrequent in early colorectal adenomas and were shown to occur mainly during the conversion from adenoma to focal carcinoma [4, 5, 137, 205] .
K-ras mutations and aneuploidy
The proteins encoded by the ras gene family bind guanine nucleotides, and act as signal transducers of diverse physiologycal signals. They posses an intrinsic GTPase activity and alternate between active and inactive forms (respectively, GTP-bound and GDP-bound). Ras oncogenes, activated by point mutations, are thought to contribute to many types of human cancer. Ras proteins may have additional functions as those toward cell growth or apoptosis determined by protein kinase C and Bcl-2 [216] . Other functions were also reported, for example those that regulate the formation of stress fibers, focal cell adhesion and cytokinesis, and should be further clarified [71, 104, 133] . Ras oncogenes were shown to be capable of transforming mouse and human cells in vitro and simultaneously to enhance chromosome instability [119, 151, 187, 208] . Transfection of human mutated K-ras in mouse NIH-3T3 cells has been shown to induce destabilization of the chromosomes in mitosis [70, 132] and both DNA near-diploid and higher aneuploidy including tetraploidy [132] . Chromosome losses and chromatin textural changes using image cytometry [177] were shown to occur in H-ras transformed human breast epithelial cells [10, 119] . Dependance of aneuploidy from H-ras mutations was shown in chemically induced mouse skin papillomas from very a early stage [1, 34, 153] . In particular, a non random duplication of the chromosome 7 bearing a mutated Ha-ras was demonstrated suggesting a mechanism of non-disjunction and further selection of near-diploid aneuploid cells with higher copy numbers of mutated Ha-ras genes [17] .
The incidence of K-ras mutations in human colorectal adenomas, mainly in codons 12 and 13, is about 50% [21, 48, 80, 205, 206, 212] , similarly to the incidence of DNA aneuploidy [56, 59, 202] . K-ras mutations in colorectal adenomas were detected in both diploid and aneuploid cells and in some cases in regions of histologically normal mucosa suggesting that K-ras mutations occur before change in DNA ploidy [27] . Also colorectal aberrant crypt-foci, suggested to be early precursor lesions of adenomas, were found to be mutated in K-ras at about 50% level [112, 130, 140, 215] .
K-ras2 transversions in human colorectal adenomas were associated with DNA near-diploid aneuploidy suggesting that K-ras2 transversions may be related to abnormal mitoses and near-diploid aneuploidy in a cause-effect relationship [58] . In ulcerative colitis and Barrett's esophagous K-ras mutations were only rarely detected in comparison to p53 mutations (see above).
Other genes and aneuploidy
Recent data obtained by classical cytogenetics [8] and interphase FISH [118] showed that 1p deletions are at a relatively high frequency (approximately 40%) in colorectal adenomas. It has been suggested that genes located on the 1p chromosome arm (probably in the 1p36 region) play a role in the maintenance of chromosome stability [25, 102] . These studies have indicated, in particular, that the deregulation of a human 58 kDA protein kinase, encoded by a gene mapped on 1p36 region, increases the frequency of mitotic abnormalities and affects the rate of chromosomal numerical aberrations. Another possible interpretation is that mechanisms of aneusomy imply changes in methylation controlled by genes located in the human 1p36 region. In fact, a "methylation modifier" gene was located in mouse chromosome 4 region synthenic to the human 1p36 band [44] . Defects of DNA methylation have been observed in colorectal tumours already prior to progression toward the malignant state [62] and appear to correlate with chromosomal instability [2, 50] and with the induction of mitotic disturbances [194] .
The diploid-tetraploid transition model
A Monte Carlo computer model was used to simulates the time dependent changes of the spontaneous mouse fibroblast transformation and progression in vitro [185] . This model suggests that aneuploidy in solid tumours is generated by the spontaneous tendency of diploid cancer cells to double their chromosome number and subsequently to loose chromosomes randomly. The condition for generating discrete aneuploid peaks would be the increased rate of structural abnormalities of the retained chromosomes in association with at least two independent growth-promoting gene activations that act in a dose-dependent way. Loss of tumour suppressor genes was not included in the model. The data so far obtained with the human preneoplastic Barrett's esophagous and colorectal ulcerative colitis have suggested that this model may apply as well to human systems in vivo where DNA tetraploidy and increased G2M cell cycle fractions have been experimentally observed. The frequency of DNA tetraploidy, mainly obtained by flow cytometry, was also expecially high, and was proposed as an early event, in germ cell tumour of the testis and in prostate cancer [46, 146, 197, 200, 221] .
The "loss of symmetry" model
The model, mainly derived from the human colorectal adenoma-carcinoma sequence, postulates a mechanism of "loss of symmetry" in DNA repartition among sister chromatids and in chromosome segregation during cell division [56, [58] [59] [60] . This model predicts that gene changes related to the cell cycle (in particular, to mitosis and apoptosis) may be responsible of abnormal mitoses ("delayed" in M due to chekpoints in G2M) and abnormal G1-postmitotic cells potentially able to generate neardiploid aneuploid cells/subclones in a non-random genetic driven process. The classical view of the stem cell theory, suggests that an abnormal mitosis would be "arrested" and would not generate abnormal G1-phase cells [47, 92, 113, 114, 122, 193] . However, that abnormal mitoses may complete cell division, albeit during an increased time, and then begin another replication cycle was supported by different experiments [40, 41, 132] . Studies in vitro and in vivo, including in humans, showed a role of K-ras and H-ras activation in generating an abnormal mitotic process and aneuploidy (see above). In particular, human early colorectal adenomas show abnormal mitoses at high frequency [171] , DNA aneuploid subclones (mostly near-diploid) at approximately 30-50% level, and a strong association of DNA near-diploidy with K-ras mutations [56, [58] [59] [60] 202 ] (see also above). Experimental evidence, at least in colorectum data, suggest that near-diploid cells (in particular, hypodiploid cells) may undergo tetraploidization [53, 56, [58] [59] [60] 84, 86] . The concept of hypodiploidy as an early step of tumour aneuploidization evolution certainly fits with the increasingly recognized importance of chromosome loss (suppressor genes).
Discussion
Aneuploidy is an historical hallmark of tumour cells [22, 23, 124, 218] . However, it is still not clear whether aneuploidy should be regarded as an epiphenomenon of randoom origin or a specific physiologic defect that is causally involved in cancer. In the present review, the second hypothesis is preferred because of the non trivial consideration that it may be more fruitfull. The fact that the values of the degree of DNA aneuploidy as measured by flow cytometry (more correctly known as DNA Index values) do not show a flat distribution for most human tumours but characteristic peaks, such as for colorectal lesions, suggest that aneuploidy should not be an epiphenomenon of random origin.
Recently, literature reports have suggested that the wild type tumour suppressor gene p53 is implicated in a G1 checkpoint that directs the DNA damaged cells either to DNA repair or to apoptosis [67, 103] . Moreover, inactivation of p53 was also associated with the origin of tetraploidy [19, 30, 54, 79, 107, 108, 131, 139] suggesting, at least in mice, that p53 is a component of a spindle G2 checkpoint that ensures the maintenance of diploidy [37] . These and other basic investigations have suggested that wild type p53 functions as a guardian of the diploid set of the genome. Mutations of p53 occur frequently as an early event in diploid cells during the human neoplastic progression of Barrett's esophagus into adenocarcinomas [13, 54, 131] and colorectal ulcerative colitis lesions predisposing to adenocarcinomas [217] . The inactivation of the p53 tumour suppressor gene in these human preneoplastic lesions was suggested to be in agreement with the diploid-tetraploid transition model (see above). Several reports, however, have shown that a certain number of DNA abnormal subclones were characterized by near-diploid aneuploidy (see above) and that advanced colorectal cancer showed that an increasing number of specific molecular lesions were associated with increased DNA Index values [118, 136] . In particular, it is my opinion that the so called "DNA tetraploid" cases, so defined after measuring DNA content by flow cytometry, may well indicate a simple increase of the number of mitotic abnormal cells. Thus, it appears that alternative transitions to aneuploidy different from the diploid-tetraploid jump, may occur. It has been suggested that one mechanism (called "loss of symmetry") may lead to aneploidy from abnormal mitoses that segregate asymmetrically their chromosomes into unstable-intermediate near-diploid cells (in particular, hypodiploid cells) potentially able to endoduplicate into hypotetraploid and hypertetraploid cells (see above). Multiple centriole formation associated with p53 inactivation and consequent loss of control of G1 and G2 checkpoints can be associated to both models. In addition, the existence of cell cycle related "symmetry genes" that control equality of DNA in sister chromatids and symmetrical segregation of chromosome in mitosis may be postulated.
A third type of human preneoplastic lesion, colorectal adenomas, was considered in the present review. Contrary to Barrett's esophagous and colorectal ulcerative colitis, human colorectal adenomas are only rarely p53 mutated and show, instead, frequent K-ras oncogene activation and predominantely near-diploid aneuploidy (see above). That a cause-effect link exists between K-ras mutations and DNA aneuploidy in colorectal adenomas remains to be proven [58] . The observations, however, that a high expression of the mutated p21ras protein correlates with increased rates of abnormal mitosis in NIH3T3 cells [70, 132] and the generation of a prevalence of near-diploid subclones [132] , that abnormal mitoses in colorectal adenomas are massively present [171] , that near-diploidy is strongly associated with K-ras mutations [58] seems to reinforce this hypothesis. Functions of the K-ras oncogene that are different from the classic signal transduction functions, i.e., those that regulate the formation of stress fibers, focal cell adhesion and cytokinesis, may play a role that should be further clarified [71, 104, 133] . The models of aneuploidization presented in this review based on a jump from diploidy to tetraploidy or on "loss of symmetry" in DNA cell division appear more frequently associated to p53 inactivation in ulcerative colitis and Barrett's esophagus, and to K-ras mutations in colorectal adenomas (see above). Therefore, it appears that aneuploidy may not be dismissed as a random epiphenomenon and that specific gene defects in cell cycle genes, like p53 and K-ras, may be responsible for the chromosome instability of cancer cells.
Open questions and perspectives
The processes generating DNA aneuploidy and heteroploidy, that characterize about 80% of the human epithelial tumours, are not yet entirely clarified. Few experimental studies have addressed the hypothesis that specific genetic changes may direct the process of aneuploidization in human solid tumours in vivo. Also the mechanisms that would increase the rate of gene mutations in tumours in processes mediated by increased structural abnormalities of the early aneuploid cells are not clear. Mitotic chromosome segregation occurs at high precision (errors are approximately 10 −5 per generation) probably according to a redundant system optimazed for accuracy [9] . Much remains to be learned about the regulation of these activities that generate forces during cell division and the random or nonrandom processes of chromosome loss [117] . Sensing of the tension on the spindle is an important checkpoint as well as sensing the tension of certain kinetochore components. But more important, this concept appears to explain those regulatory events that integrate motor activity into the signal transduction cascades of the cell cycle [9] .
Aneuploidy and heteroploidy appear to be generated as consequences of dynamic instability processes of DNA and chromosomes but still the genetic mechanisms that cause such instability are not clear [32, [76] [77] [78] 89, 90, 117, 142, 170, 172, 176] . Convergence and divergence scenarios [51, 81, 100, 123] as well as mechanisms of chaotic oscillation [61, 147, 179] were called into a more complex picture. A general concept is that one specific subclone overrides the other ones due to its gene activation/inactivations set that promotes increased proliferation and growth and reduced differentiation [134] and apoptosis [12] . Selection appears more important than increased mutation rate [93, 97, 199] . Since cell division is instrumental to the fixation of genetic errors, an increased cell division should drive the accumulation and propagation of genetic errors. An increased proliferation due to endogenous and exogenous factors (hormones, drugs, infections, chemicals, physical or mechanical trauma, and other chronic irritation) may be seen as a decisive step of tumour progression [149] . For some cancer types (e.g., endometrium and ovary) this relationship is strong and well demonstrated, while for other cancers it is less clearly demonstrated but deserves full attention.
Mechanisms of aneuploidy selection and proliferation advantage of a given subline are likely to be of different types and to become sequentially operative at different times during the natural history of a neoplasm. Some of these mechanisms are likely to be of genetic origin [76, 77] including the inheritance of epigenetic defects [89, 90] and cell-cell interactions between clonal subpopulations of tumour cells [148] . Recent data from the literature have shown that 1p deletions, as detected by FISH methodologies, represent an early event of the sporadic colorectal carcinogenesis [39] and that hypothetical specific genes deleted in this chromosome region might play a role in directing the process of methylation and aneuploidization [25, 44, 102] . The link of other early genetic events of the sporadic colorectal carcinogenesis with DNA aneuploidy-heterogeneity, like the APC gene and mismatch repair genes, has not been directly investigated and is also far from being understood. However, it is curious to observe that hereditary non-polyposis colorectal carcinomas, characterized by DNA repair gene mutations and microsatellites instability, have a clear DNA diploid predominance, suggesting that DNA and chromosome instabilities may be governed by independent mechanisms.
From the data presented in this review, it appears that inactivation of the p53 gene in colorecal ulcerative colitis and Barrett's esophagus and activation of K-ras oncogene in sporadic colorectal adenomas may predispose to aneuploidy. Among the multiple functions of p53 and K-ras, those related to apotosis and aneuploidy have not yet been fully understood. It is likely that the understanding of these mechanisms will improve rapidly and lead to a better understanding of the pathogenesis, regression, and progression of human solid tumour malignancies.
